Paralytic shellfish poisoning (PSP) toxins were detected in blue mussels (Mytilus 18 edulis) from two harvesting areas, Eyjafjordur on the north coast and Breidafjordur on 19 the west coast of Iceland in 2009. During a bloom of Alexandrium spp. at both 20 locations in June of that year, blue mussels were found to be contaminated with 21 paralytic shellfish toxins (PSTs), leading to extensive closures of these harvesting 22
sites. 23
Phytoplankton data taken during this time showed the presence of large numbers of A. 24 tamarense, with smaller numbers of A. ostenfeldii also being detected. Mussel 25 samples were analysed by mouse bioassay (MBA) and liquid chromatography with 26 fluorescence detection (LC-FLD). Toxicity over 10 times the European Union (EU) 27 regulatory limit was observed in samples from Eyjafjordur while levels over 4 times 28 this limit were detected in samples from Breidafjordur. The toxin profile determined 29 by LC-FLD was found to be composed primarily of the carbamate toxins 30 gonyautoxin-2,3 (GTX-2,3). Saxitoxin (STX) was also detected in all samples 31 analysed and was the second most abundant toxin present. Gonyautoxin-1,4 (GTX-32
Introduction 44
Paralytic shellfish poisoning (PSP) is caused by a group of 58 closely related 45 compounds (Wiese et al., 2010) based on a tetrahydropurine skeleton (Figure 1) . 46
These toxins are mainly produced by marine dinoflagellates, in particular, 47
Alexandrium spp., Gymnodinium catenatum and Pyrodinium bahamense (EFSA 48 scientific opinion, 2009) but have also been found to be produced by freshwater 49 cyanobacteria (Onodera et al., 1997; Dell'Aversano et al., 2004) . Shellfish feeding on 50 these algal species can accumulate the toxins without exhibiting adverse effects 51 themselves. 52
Shellfish contaminated with these toxins pose severe risks to human consumers and 53 numerous accounts of intoxications leading to illness or death have been recorded 54 from around the world (IPCS 1984 , Shumway et al., 1990 , Gessner et al., 1997 , 55 Llewellyn et al., 2002 , Garcia et al., 2004 . The paralytic shellfish toxins (PSTs) act 56 on mammalian cells by blocking the voltage-gated sodium channels (Catterall et al., 57 2007) leading to symptoms including, tingling sensation of the lips, mouth and 58 tongue, numbness of the extremities, headache, dizziness, nausea, vomiting, diarrhoea 59 and in severe cases death by asphyxiation (FAO/IOC/WHO, 2004) . 60
The marine sector is hugely important to the Icelandic economy. In 2009 marine 61 products accounted for 42% of Iceland's total export value with the industry 62 employing approximately 7300 people, this represents nearly 4% of the overall 63 workforce (Iceland Seafood Market Report, June 2010) . 64
Shellfish have been harvested commercially in Iceland over the last 40 years with 65
Icelandic scallop (Clamys islandica) and ocean quahog (Artica islandica) being the 66 main species harvested. Mussel farming is relatively new however, with 67 investigations into its feasibility being carried out in 1973 and 1985 -87 (Icelandic 68 Fisheries, 2011 . Since these initial investigations blue mussels figure for blue mussels of 100-120 tonnes is forecast in 2012. With nearly 5000 km of 73 coastline, the Icelandic aquaculture industry has huge growth potential, making the 74 prepare working calibration solutions. Primary and working standards were stored 124 following NRCC recommendations (Quilliam, 2007 Breidafjordur on the west coast (Figure 2 ). There were two sampling sites in 131
Breidafjordur: Flatey in the north of the fjord and Stykkisholmur in the south and one 132 location in Eyjafjordur, Hrisey Island, located in the middle of the fjord. 133
Phytoplankton sampling was carried out weekly from spring to autumn. Toxic species 134
were screened by net sampling using a 20 µm mesh. The net was hauled from a depth 135 of 5 metres to the surface several times. All samples were fixed in hexamine buffered 136 formalin and examined under a microscope. If toxic species were detected in these net 137 samples then 50 ml water samples were allowed to settle in a sediment chamber for 24 138 hours according to the Utermöhl method (Hasle, 1978) and examined in an inverted 139 microscope where toxic species were identified and counted (Gudfinnsson et al., 140 2010 
Solid phase extraction (SPE) 163
Sample cleanup was performed using Supelclean (Supelcosil, Bellefonte, PA, USA) 164 C-18 cartridges (500 mg/3 ml). Ion exchange cleanup was performed to fractionate 165 the C18-cleaned extracts using Bakerbond (J.T. Baker, Phillipsburg, NJ, USA) COOH 166 cartridges (500 mg/3 ml) and both SPE steps followed the method specified in AOAC 167 2005 .06 (Anon, 2005b cartridge (20 mm). The HPLC programme followed was a slightly modified gradient 176 elution based on that published in AOAC 2005.06 using a flow rate of 1.5 ml/min. 177
The gradient followed was 0 -5% mobile phase B over 5 min, 5 -70 % B over the 178 next 4 min, back to 0% B over 2 min, then keeping at this condition for 7 min before 179 the next injection. PST concentrations in sample extracts were quantified against a 180 five-point calibration for each toxin and are expressed in µmol/kg. Total saxitoxin 181 equivalents were calculated for each sample as an estimation of total toxicity using the 182 guidance described by the NRCC (Quilliam, 2007) . The toxins GTX-2,3 and STX 183
were quantitatively determined through direct analysis of SPE-C18 extracts and 184 peroxide oxidation while the toxins GTX-1,4 were determined after ion-exchange 185 SPE and periodate oxidation. secondly at over 10,000 cells/L in July (Table 1) . 210
The Alexandrium populations detected in phytoplankton samples from both fjords 211 were mainly composed of A. tamarense with small numbers of A. ostenfeldii being 212 found in the highly concentrated samples taken. 213 214
MBA and LC-FLD toxicity data 215 216

Breidafjordur 217
The MBA and LC-FLD toxicity data from Breidafjordur is presented in Table 2 . The 218 first mussel sample was collected on the 30/06/09 when toxicity was already over 219 three times the regulatory limit. The toxicity rose to over 4 times this limit by the 220 second sample taken on the 10/07/09 before dropping over the next 4 weeks to levels 221 below this regulatory action level. The highest total toxicity result was observed in 222 sample 2, with an MBA result of over 4500 µgSTXdiHCl-eq/kg. 223 224
Eyjafjordur 225
The MBA and LC-FLD toxicity data generated from the analysis of the Eyjafjordur 226 mussel samples collected during 2009 is presented in Table 3 . Toxicity was found to 227 be below but close to the regulatory action limit of 800 µgSTXdiHCl-eq/kg in early 228
June, seen in sample 1, but was found to rise quickly to nearly 10 times the limit 229 within the subsequent two weeks, sample 2. This re-emphasises the speed with which 230 these toxins can accumulate in shellfish tissue. Toxicity levels remained high for a 231 further 6-8 weeks and did not drop to within regulatory limits until the end of August, 232 sample 5. The highest total toxicity result was observed in sample 3, with results by 233 LC-FLD and MBA of over 8500 µgSTXdiHCl-eq/kg. Conditions within both fjords during the sampling periods were favourable for 245 phytoplankton growth as confirmed through the data presented in Table 1 , where cell 246 counts of Alexandrium spp. reached record levels in both Eyjafjordur and 247
Breidafjordur. The exact causes of the high cell numbers observed is unknown and 248 could be due to a number of factors. Temperature and salinity increases along the west 249 and north coasts have been observed over the last decade due to a stronger inflow of 250 Atlantic waters into these grounds (Gudfinnsson et al, 2010) It is interesting to note that although the Alexandrium cell counts found in 313 Breidafjordur (figure 5) were considerably higher than those found in Eyjafjordur, the 314 same ratio was not evident in the toxicity results of the mussel samples. The total PSP 315 toxicity found in mussels from Eyjafjordur was nearly twice that found in mussels 316 from Breidafjordur. 317
The absence of GTX-1,4 in samples taken in early June and late August from 318 Eyjafjordur and early August onwards from Breidafjordur is likely due to the low 319 overall toxicity of these samples and the lower relative sensitivity of the N-320 hydroxylated toxins to their non-hydroxylated counterparts when analysed using 321 method AOAC 2005.06 (Turner et al., 2009). 322 It is imperative therefore to have adequate knowledge of specific toxin profiles for the 323 analysis and risk management of this group of potent neurotoxins due to the range of 324 relative toxicities exhibited by the various analogues. These results highlight the 325 presence in Iceland of some of the most toxic PSP toxins as well as levels of toxicity 326 which may at times provide a serious risk to the human consumer. 327 328
Chemical and Biological Method Analysis 329
Toxicity results returned by both the reference MBA method and the LC-FLD method 330 appear to correlate reasonably well for these samples (Figure 5 ), as observed 331 previously in this species for mussels sampled from within UK waters (Turner et al., 332 2009 ). Overall the MBA method gave slightly higher values compared to the LC-FLD 333 as evidenced in tables 2 and 3, although a variability in this ratio is noted. 334
It is also clear from the results generated from samples 4-6 from Breidafjordur ( Table  335 2), that the LC-FLD method provides useful data on the toxicity of samples 336 containing levels of PSTs lower than the MBA limit of quantitation. This again shows 337 the usefulness of the LC-FLD method for the early warning of toxicity, especially 338 important given the rapid increases in PSP toxin levels observed in these areas (Table  339 3). These results therefore clearly demonstrate the importance of a regular effective 340 toxicity monitoring regime, without which there would be a clear potential risk to 341 human consumers to toxic bloom events. 342
The level of observed time delay between the peaks in phytoplankton cell presence 343 found in the water and the maximum levels of toxicity found in shellfish ( Figure 5 List of Tables  598  599  Table 1 
